A simultaneous multi-point two-component Doppler velocimeter is described. The system uses two optical cavities: a Fabry-Perot etalon and an optical cavity for collecting and re-circulating the Rayleigh/Mie scattered light that is collected from the measurement volume in two parallel, but opposite directions. Single-pulse measurements of two orthogonal components of the velocity vector in a supersonic free jet were performed to demonstrate the technique. The re-circulation of the light rejected by the interferometer input mirror also increased the signal intensity by a factor of 3.5. © 2005 Optical Society of America Interferometric Rayleigh scattering has previously been used for single-point velocity measurements in unseeded gas flow. However, this past work has generally been limited to probing with continuous-wave lasers resulting in time-averaged measurements of velocity. Multiple velocity components have been measured simultaneously by separate instruments.
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In this paper, we introduce an improved diagnostic system for time-resolved multi-point measurement of two components of velocity in gas flow using one interferometer. The system extends the interferometric Rayleigh scattering velocimetry techniques described above by employing an additional optical cavity for collecting Rayleigh/Mie scattered light from the measurement volume in two parallel, but opposite directions. The cavity can be used to re-circulate the light rejected by the interferometer, thus considerably increasing the number of photons detected. In this case, a measurement ambiguity exists. To remove the measurement ambiguity, an estimate of the sign and magnitude of the velocity components is required to be known before the measurement. Alternately, the second optical cavity can be detuned to totally remove the measurement ambiguity. However, in this case recirculation is no longer possible.
The scattering geometry is illustrated in Fig. 1 , which also shows the optical setup of the instrument. The Doppler shift frequency of the scattered light collected in the direction of k s1 is given by Δν 1 = (k s1 -k 0 ) · V, where the k s1 and k 0 are the wave vectors of the scattered and incident light respectively. The direction of (k s1 -k 0 ) vector gives the direction of the velocity component that is measured. If a second collection optic is placed along the same optical axis, but on the opposite side of the probed region, the scattering wave vector is k s2 = -k s1 , where |k s1 | = |k s2 | = |k 0 |. A mirror is used to reflect this collected light along the optical axis, sending it back to the interferometer. This light shows a Doppler shift Δν 2 = (k s2 -k 0 ) · V and the velocity component is measured along the vector (k s1 + k 0 ), i.e. the two measured components are orthogonal.
The Rayleigh scattered light in the k s1 direction is collected and collimated by the L 2 lens. The beam diameter is reduced to match the interferometer's input-aperture diameter using a beam reducer/expander, lenses L 3 and L 4 . The light is mixed together with laser light before it is passed through the Fabry-Perot interferometer (F-P) using the In the experiments reported here we used a pulsed Nd:YAG laser at 10 Hz and 9 nsec/pulse, with 65 mJ/pulse.
Experiments were performed in stagnant air and a 1.5-mm diameter under-expanded supersonic jet flow. The jet exhausts into ambient air and has a stagnation chamber temperature of 296 K or lower and a stagnation pressure of 5.2 atm. A low velocity co-flow of air was used to minimize contamination by dust particles. We probed a volume about 1.5 mm length and 0.2 mm diameter located at 10 nozzle diameters from the nozzle exit. The separation distance between the first two consecutive fringe orders on one side of the interferogram corresponds to about 0.2 mm in the flow.
When Mie scattering (from water clusters, for example) is predominant, the scattered light intensity is orders of magnitude larger than the Rayleigh scattering intensity. In this case, the light re-circulation is not necessary, but can be very useful for combining the signal on the same optical axis, allowing for minimal optics, simplified alignment, and high efficiency. However, if the mirror M r is oriented perpendicular to the optical axis, the spectra of scattered light from both collection directions overlap on the interferogram. Then, the peaks corresponding to different velocity components cannot be separated. This ambiguity can be overcome if the experiment is designed so that one measured velocity component is always much bigger than the other (Fig. 2b) . For example, the axial velocity component in a high-speed jet is generally much larger than the radial component. An alternative way to remove this ambiguity is to slightly detune the external cavity in the vertical direction. The new image will contain two parallel Bivolaru,et To compute the flow velocity, five rows were averaged through the center of the interferogram shown in Fig.   2b . This data was converted from the spatial domain (pixels) to the frequency domain as described in reference [8] .
Two spectra processed in this way are shown in Fig. 3 . Gaussian functions were fitted to this data to determine with sub-pixel resolution the location of the peaks and implicitly the frequency. The low frequency peak slightly above 3
GHz in the spectrum is the reference frequency (laser frequency) used to identify the zero-velocity fringe location.
The first peak in each spectrum is the Doppler shifted peak associated with the V 1 component and the middle peak Further errors are incurred when converting these Doppler shifts to velocity because of uncertainties in the measurement of the angles between the probing laser and the light collection optics.
The significantly different Doppler shifts at these two locations prove the system's capability for simultaneous multipoint measurements. In principle, the next outer fringe patterns (not shown in Fig. 3 ) can also be analyzed for velocity, but with reduced resolution.
To analyze the photon collection efficiency of the system, Rayleigh scattered light was collected in room air. To obtain a more accurate evaluation of the total number of photons accumulated by the detector, the reference light was purposely not injected into the system. An area of 100 x 100 pixels of the interferogram was used for this investigation. The Rayleigh spectrum for measurement of one component of velocity and the spectrum for simultaneous measurement of two components of velocity using the light re-circulating cavity (high amplitude curve) are compared in Fig. 4 . In conclusion, the use of a secondary cavity enabled the simultaneous multi-point measurement of two orthogonal components of velocity using a single interferometer. Additionally, the cavity recycled the light rejected by the interferometer's input mirror, greatly increased the number of photons reaching the detector and improved the signal-to-noise ratio. Two methods of using this second cavity to measure gas velocity were demonstrated: one yielding higher signals and the other allowing unambiguous velocity measurement.
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